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ABSTRACT

The CTBT negotiations have endowed small seismo/acoustic events (mb ~ 2.5) with a much greater
significance than they have had in the past and have increased the need for automated regional dis-
crimination. We have been contracted by AFTAC to develop a small event discriminant that uses a
time-frequency expansion (sonogram) of seismic coda to discriminate ripple-fired mining explosions
from single explosions and earthquakes. The Automated Time-Frequency Discriminant (ATFD) which
we have developed uses a binary sonogram which is derived from the original, spectral, sonogram by
the application of filters which replace the spectral information with a binary code which simply re-
flects local spectral highs and lows. We have found that the binary patterns which we extract from the
coda of ripple-fired events are banded and thus distinct from those obtained from single explosions and
earthquakes. The bands, which result from source finiteness, intershot delays or a combination of the
two, are largely independent of time and of the recording component. The ATFD uses three statistical
tests to measure the time- and recording component-independence and automatically recognize these
bands. All of the raw discrimination parameters produced by these tests are merged into a single
discriminant score with multivariate statistics.

During the past year we have tested the ATFD on data collected by single stations, arrays and regional
networks in central Asia, Europe and North America. We have found the automated discriminant to be
robust, with misclassification probabilities ranging from 0.5 to 3.5 percent. The method is easily
adapted to any kind of regional seismic data. No expert analysis of the time-frequency patterns is
required.

To improve the ATFD we have analyzed wavelet expansions of coda. We have found that wavelets are
capable of much higher resolution in time than is possible with a multitaper-sonogram expansion. We
are currently using a new bias-minimizing wavelet technique (Lilly & Park, 1995) to process 3-compo-
nent data and analyze the evolution of spectral amplitude and polarization with time and frequency and
improve our understanding of ripple-fired coda. We intend to determine if a low frequency spectral
signature (perhaps caused by source finiteness) might be used for discrimination at far-regional dis-
tances. We have conducted a preliminary survey of discrimination at low frequencies using the Kazakh
NRDC network.

‘We have begun to look at discriminants based on hybrid (seismo/acoustic) data and will shortly collect
data to help us address the issue of outliers. These data will be collected this summer in Wyoming and
will consist of broadband seismic, acoustic and infrasound recordings of ground truthed mining explo-
sions in the Black Thunder coal mine. With this experiment we will also be examining the utility of
continuous GPS for event detection. At regional distances from the Black Thunder mine we will
deploy a network of 3 continuous GPS receivers and will use the data to look for ionospheric perturba-
tions resulting from the near-vertical acoustic emissions.

Keywords: comprehensive test ban treaty (CTBT), time-frequency expansion, wavelets, automated
discrimination, multivariate statistics, coda cepstrum, ripple-firing, binary sonogram.
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A. OBJECTIVES/PROGRESS

(1) OBJECTIVES

During the term of our existing contract we will expand significantly research we have conducted into
the small-event discrimination problem. Our interest has been in using the spectral characteristics of
whole regional waveforms to discriminate ripple-fired from non-ripple-fired events (incl. earthquakes
and single-event explosions). Our objectives are to apply our automated whole waveform time-fre-
quency discriminant (ATFD) to large event populations in varied data sets to test transportability and
robustness and to enhance the ATFD with more sophisticated processing. In specific we have the
following objectives:

1.1 Robustness and transportability
Apply our existing ATFD (Hedlin et al., 1990) to a number of dissimilar, well separated, re-
gional data sets with large populations of ripple and non-ripple-fired events to gauge robustness
and regional dependence. We will apply the technique to vertical component data from several
networks and arrays using low (1 to 20 Hz) and broad (1 to 100 Hz) frequency bands. Particu-
lar attention will be paid to the cause of outliers. We will determine the extent to which array
data can suppress noise and increase the range of the ATFD.

1.2 Software development
Enhance the ATFD via (1) wavelet analysis, (2) more advanced spectral analysis techniques
[e.g. the statistics of Higher Order Crossings (HOC)], (3) advanced processing techniques to
permit full use of modern three-component (3C) networks and arrays. 3C data sets examined
under objective 1.1 will be re-analyzed to assess improvement.

1.3 Comparisons with other techniques
Analyze the same data sets, discussed under objective 1.1, with a complementary technique
(e.g. a “regionally trained” spectral ratio method) to assess relative capabilities under different
settings. Our intent is to develop a complementary technique that might be merged through
evolutionary programming with our own to provide a more comprehensive, multivariate, dis-
criminant. The time-frequency approach, taken alone, will not discriminate between single-
event explosions and earthquakes.

1.4 Low-frequency discrimination
Address the question of what low frequency (e.g. 1 to 20 Hz) time-independent signature
should be produced by mines that use short (e.g. 20 ms) delays especially when delay times are
irregular. Use any available “ground truth” data to explain any modulations observed at low
frequencies and test the theory that they might be due to temporal finiteness of the source
(Hedlin et al., 1990).

1.5 Contribution of software to database accessing systems
Develop algorithms that are designed to operate on the CSS 3.0 database structure and will be
available to all interested parties.




(2) PROGRESS

The automated time-frequency discriminant. Under previous Air Force contracts (F19628-87-K-0013
and F19628-88-K-0044) we developed a discriminant that seeks long-lived spectral modulations in
major seismic phases and coda. Long lived modulations can be produced by seismic resonance and by
ripple firing. We expand time series into time-frequency displays (sonograms) to search for these
patterns. Hedlin et al (1989) developed a procedure whereby a binary sonogram is derived from the
original, spectral, sonogram by the application of filters which replace spectral information with a
binary code which simply reflects local spectral highs and lows. Hedlin et al. (1990) produced a
procedure to automatically recognize time independent patterns. This technique utilizes a two-dimen-
sional Fourier transform of the binary sonogram which reveals the dependence of the binary pattern on
frequency and time. In view of its resemblance to the cepstrum (which identifies periodicities in single
spectra), and the fact that it is derived from onset and coda phases we now refer to it as the coda
cepstrum (Hedlin et al., 1995).

Hedlin et al. (1989) also noted that the modulations were remarkably independent of the recording
direction. As an example of this we display, in figures 1, 2, and 3, a summary of an analysis of record-
ings of earthquakes and quarry blasts made by the KNET in Kyrgyzstan. Examining the quarry blasts
(located just northeast of CHM) and the earthquakes located to the southwest of the network we found
that the network average cross correlations of the binary patterns between the recording components
(average of EW vs Z, Z vs NS and EW vs NS) clearly separate quarry blasts from earthquakes. A
second set of earthquakes (the cluster located within the network) and a second set of quarry blasts
from the same mine have essentially the same separation (Figure 3).

The current Automated Time Frequency Discriminant (now known as the ATFD) recognizes long lived
modulations by applying three separate tests. The algorithm estimates the time-independence of the
binary patterns by calculating the autocorrelation of individual narrow band (single frequency) timeseries.
The “bandedness” is estimated by calculating the coda cepstrum and taking the extreme value which is
independent of time. Independence from recording direction is judged by cross-correlation. These
individual parameters are merged into a single discrimination score with the aid of multivariate statis-
tics (Seber, 1984). The means by which the binary sonograms are reduced to a few discrimination
parameters is reviewed in Appendix A of this report.

Global test of the ATFD. We have used a wide variety of datasets to test the utility of the ATFD.
Specifically, we have tested the adaptability of the algorithm to various styles of seismic deployment
(incl. single 3-Component stations, single- and 3-Component networks and arrays) varying seismic
instrumentation (incl. short period and broadband), different geologic settings and mining practice. In
the past year we have analyzed the following datasets (Figure 1):

1) single (chemical) explosions and quarry blasts recorded by a sparse 3-Component network
(NRDC) deployed in 1987 on a high Q crust in central Kazakhstan. The events occurred
within 300 km of the stations. Event identification was based on C. Thurber's interpretation
of SPOT photos (Thurber et al., 1989) and the fact that the Kazakh platform is seismically
quiet.

2&3) earthquakes and quarry blasts recorded by a dense (10 stations in an aperture of 200
km) telemetered 3-Component broadband network (KNET) deployed in Kyrgyzstan between

2




‘Te9A SUTWIOD QY UT QUIWIBX [[IM 9/ YOIy SUOIFaI jedIpur soxoq uado oy, *(8 ydnorx M ré
®

) — - - SQINS1,]) 1%} Urew 9y} ur
1y godoy MoU/OJUL 1ISEREp/EU Sul Ul POMIIARI [[B aIe pue (A[oanjoadsar) urfre)) pue (SSHYHD) puenSoA
/A301008/npa’[[ouI0d 093 Mmmm//:dNy : : L ¢ ; :
Ik g pue ¢ ‘¢ ‘1 syeseie
Jo Aso1mos dewreseq godoig

POMIIASI 1Oq ‘g PUR V AN 91 € pue 7 s1oseig ‘g XIpuo
‘V SSHION DAIN

Tedk ised oY) ur pazA[eue S)aseIep 9Y) JO SUONRD0T T N3]




KNET A and B - A dense 3C network

clusters of earthqaukes are contrasted with two separate sets of quarry blasts which
occurred in a mine located just northeast of the station CHM (at the crosshairs). The
remote set of events (dataset "A") are aftershocks to the magnitude 7.4 Suusamyr
thrust earthquake. The second set of earthquakes (dataset "B") occurred within the
network, roughly 50 km south of CHM.

the Kazakh platform to the north and the seismically active Tien Shan to the south. We have
analyzed two clusters of earthquakes and contrasted them with two sets of quarry blasts which
occurred at the same mine (Figure 2). The limestone mine was located by Rob Mellors
(UCSD) at43.028° N and 74.888° E. Events were determined to be quarry blasts on the basis
of their location and the origin time - the limestone shots typically occurred in the late after-
noon. In addition some of these events produced obvious acoustic signals which arrived at
CHM roughly 37 s after P. The network made triggered recordings at 100 sps and continuous
recordings at 20 sps.

4
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4) recordings of quarry blasts and earthquakes made by the NORESS small aperture array in
southern Norway. NORESS is comprised of 25 stations of GS13 seismometers in a 3 km
aperture on Precambrian or Paleozoic hard-rock. Four of the stations have 3-Components.
The signals are digitized at 40 sps The events in this dataset occurred within 7.5° of the array.

5) recordings of quarry blasts and earthquakes made by GERESS (a NORESS style array in
Germany). These recordings were obtained from the European Ground Truth Database and
were contributed by J. Wuster. The earthquakes largely occurred in swarms. The quarry
blasts occurred in Western Bohemia (Wuster, 1993).

6) recordings of quarry blasts (in the Newmont Gold Mine) and earthquakes (including events
in the Rock Valley earthquake sequence near NTS) made by a single 3-Component station
(ELK in the LNN network) located near Carlin, NV roughly 80 km from the mine. This hard
rock mine (which detonates ripple-fired shots every 2 days each using 15 to 100 tons of
explosives) has been monitored by LLNL scientists (incl. Drs. Peter Goldstein, Bill Moran
and Steve Jarpe). Mining records have been used to constrain the blast patterns, which typi-
cally involve delays from 50 to 100 ms. These data were provided by LLNL.

The ATFD tested on a dense 3-Component network: To illustrate the technique we show the results of
the analysis of the second and third datasets (collected by KNET; Figures 1 and 2). The upper two and
lower left panels of Figures 4 and 5 we show the raw output from the ATFD (refer to appendix A for
details). These panels show how well the two event types (earthquakes and quarry blasts) are separated
by the metrics applied to the time-frequency expansions. The lower right panel shows the linear dis-
criminant scores obtained by a multivariate analysis of the raw parameters. Considering dataset A we
found that two events (of 47) were misclassified. This is not likely due to poor coverage, since one of
the events was recorded by 9 stations (Figure 6), but likely was due to the source or propagation. As
discussed by Hedlin et al. (1989) a time independence can be acquired through propagation by reso-
nance. As discussed by numerous authors (incl. Stump et al., 1994) ripple fired shots will, sometimes,
not produce scalloped spectra. Outliers, such as these, are a critical problem and are discussed in more
detail later in this report.

The results of the KNET analysis, and the other studies summarized above, are shown in Figure 7
where we show the misclassification probabilities (see Appendix B for a full description of these analy-
ses) . By necessity we have paid the closest attention to the problem of discriminating quarry blasts
from earthquakes. We expect that earthquakes should not yield coda with time- or component-inde-
pendent spectral qualities and thus have used them to serve as proxys for single explosions. However,
the most challenging and interesting problem involves the discrimination of single and multiple explo-
sions. Althouth we haven’t analyzed a large number of single explosions (3 recorded by the NRDC
network in Kazakhstan; dataset # 1) it appears that the ATFD is effective at separating these event types
(see Hedlin et al. ,1995 for details). To further address this problem we will examine the single explo-
sions recorded during the 1995 Black Thunder experiment (Stump et al., 1995; Pearson et al., 1995).

A discriminant based on a wavelet expansion: In the preceeding sections we analyzed time series
using multitaper spectral estimation (Thomson, 1982). using data selected by a simple sliding window.
While this approach takes advantage of multitaper's proven ability to yield minimally biased spectral
estimates from short time series and has proven useful for discrimination it has several drawbacks. The

6
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Figure 4. KNET A, The current ATFD yields 3 types of discrimination parameters - all of which are
defined in Appendix A. One, shown in the lower left panel, based on the network average cross-
correlation across the three recorded channels, is similar to that presented in the preceding figures. A
value of 1 indicates that the three pairs of binary sonograms are perfectly correlated at all stations.
The parameter which is based on the autocorrelation of single frequency timeseries, is shown in the
upper left panel. A value of 1.0 means that all frequencies at all stations are invariant wrt time (they
have either +1 or -1 at all times). The third, based on the coda cepstrum (see Hedlin et al., 1989; 1995),
is shown in the upper right. A binary sonogram which is periodic in frequency and independent of time
would have an extreme value of 1.0. All three of these discriminants show good separation between
the two types of events in dataset A. The linear discriminant scores, obtained through multivariate
statistics, are shown on the lower right.

resolution in time-frequency expansions based on sliding window ffts is invarient with-respect-to time
and frequency. Typically parameters used to calculate these sonograms are chosen in an ad hoc fash-
ion.

An alternate means to expand a time series into a time-frequency plane is based on wavelets (Daubechies,
1990). A wavelet transform does not fix the tradeoff between time and frequency localization by fixing
the time window. Instead it allows the time and frequency resolution to vary inversely to one another
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Figure 5. The same as Figure 4 except this figure shows results from the events in KNET
dataset B.

as it traverses the time series. The wavelet transform has been shown to be particularly useful in the
analysis of waveforms beset with both abrupt changes in time and narrow, highly-concentrated fre-
quency bands (similar in concept to the tapers used in multi-taper analysis) which can be used together
to yield low-variance time and frequency representations of spectral power and polarization. Three
wavelets (calculated assuming a time-bandcenter product of 3.0, a time-bandwidth product of 2.5, an
analysis frequency of 5.0 Hz) are shown in Figure 8.

To illustrate the potential power of wavelets we consider multitaper and multiwavelet expansions of a
controlled signal. We use the recording of a calibration explosion made by the NRDC station BAY (see
Appendix B) as an empirical Green's function and, assuming linear superposition, synthesize a quarry
blast waveform where the quarry blast consists of 5 shots spaced at 50 ms (Figure 9). As expected the
synthetic sonogram has a time-independent spectral high at 20 Hz (the 40 Hz overtone is at noise
level). In Figure 10 we show the multitaper sonogram and time series of 16 seconds including the P
wave onset and early coda from the calibration explosion. The same portion of the synthetic is dis-
played in the middle figure. The time-bandwidth product used was 4 yielding a frequency resolution of

8
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plotted against the number of stations used (the earthquake scores have been multiplied by
-1 so that all symbols appearing below the solid line - at zero - represent misclassifications).
We find that one earthquake recorded by 9 stations failed the test. A quarry blast recorded
by 3 stations was also misclassified.

4 Hz. In the right panel (Figure 10) we display a multiwavelet transform of the synthetic quarry blast
time series. While this expansion has roughly the same frequency resolution as provided by the multitaper
approach the time resolution is much greater. At 20 Hz the wavelet spans 0.5 seconds.

Outliers and Hybrid monitoring:The Black Thunder seismo/acoustic experiment. To improve the sci-
ence of small-event discrimination we need to understand better why some events are misclassified and
we need to explore better data collection and processing techniques. To investigate the physical rela-
tionship between the ripple-fired source and regionally recorded seismic and acoustic wavefields we
have formed a collaboration with Brian Stump, Craig Pearson and Rod Whitaker at LANL. The pri-
mary result of this collaboration is an experiment which will occur in July and August of this year. As
part of this experiment Brian Stump and Craig Pearson from LANL will deploy video equipment,
accelerometers and acoustic gauges inside the Black Thunder coal mine in the Powder River Basin of
Wyoming. The Powder River Basin includes some 18 coal mines which, in total, generate an average
of 1 mine-blast every other day. The in-mine equipment will record not just the timing of the shots (t)
in the mine but also the horizontal spatial positions (x and y). '
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A team from UCSD will deploy
aregional network of broadband
seismometers, pressure gauges
: : : . : ‘ and infrasound receivers (Figure
e ST e e e 11). The network will include
: ; ; ' ; ' five 3-Component broadband
seismic stations (STS2’s) sam-
pling continuously at 100 sps.
Four of the stations will be lo-
cated 200 km from the mine. The
fifth station will be deployed 100
km from the mine on the same
azimuth as one of the outer sta-
tions. This temporary network
will add to permanent seismic
deployments that include the 3-
Component GSETT?3 beta station
RSSD and the array at Pinedale.
Three pressure gauges will be
3 4 5 6 7 deployed at the stations located
200 km to the north, south and
west of the mine. Paired with the
Figure 7. Misclassification probabilities in the datasets described pressure gauge at the western site
in Figure 1 and reviewed in the main text and in Appendix B.
Dataset 1 (NRDC) contains recordings of quarry blasts and just y ) .
3 single-explosions and is not summarized statistically. Datasets ~ c0onsisting of 3 infrasound receiv-
2 and 3 (KNET A and B) are reviewed in detail in the main text.  ers in a triangle 100 m on a side.
In part we will be pairing the
acoustic and infrasound equipment to assess the signal to noise gain that the infrasound receivers
(loaned to us by Rod Whitaker) will give us. The acoustic and seismic equipment will be co-located to
allow us to assess the value of a seismo/acoustic station. The acoustic instrumentation should be
located within the first acoustic convergence zone and we expect the signals from the mine will be
relatively strong to the west due to refraction in the mid-atmosphere. All acoustic signals will be
digitized at 40 sps.

@)

(00}
|

(0))
|

N
|

N
|

misclassification probability (pct)

O

O
N

dataset

will be a small infrasound array

A second team from UCSD will deploy 3 continuous GPS receivers to detect ionospheric perturbations
that result from the pressure front that emanates from the mine and is not ducted between the mid-
atmosphere and the ground but propagates into the ionosphere. The current plan has 2 receivers lo-
cated near to each other at a range of 50 km to the southwest of the mine. A third receiver will be
deployed on the same azimuth but at a range of 200 km (Figure 11).

In addition to this near-regional equipment we have made arrangements with Bob Ellis and Michael
Bostock (both at the University of British Columbia) to collect far-regional recordings of the mine
blasts at 700 km (using an array of 7 seismic sensors in Saskatchewan, Canada) and at 2000 km (using
an array of seismic sensors located in the Northwest Territories, Canada). We have also made arrange-
ments with Jim Zollweg (Idaho) and Scott Smithson (Wyoming) for additional, near- to mid-regional
recordings.
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Figure 8. The three best bias minimizing wavelets calculated with a bandcenter prod-
uct of 3.0; a time-bandwidth product of 2.5 and an analysis frrequency of 5.0 Hz.

We expect that this instrumentation will record four significant (cast) explosions. On July 19 there will
be a shot involving ~4 million pounds of explosives. We expect two additional shots (3 to 4 million
pound range) to occur the week of July 29 with a fourth occuring in mid August. The proximity of this
mining activity with regional earthquakes located in the Intermountain Seismic Belt to the west of
Pinedale (Hansen, 1992) should provide a number of natural event records. The data from this experi-
ment will allow us to test the utility of pressure gauges and an infrasound array to detect acoustic
emissions from a surface mine and estimate the back azimuth to the source. We will also be testing the
utility of the hybrid seismo/acoustic monitoring station and have an opportunity to address the issue of
outliers. The video data that Brian and Craig collect will enable us to model the regional waveforms
and should allow us to test linear superposition at four azimuths. Permanent stations and the temporary
deployments in Canada will allow us to determine the effective range of the ATFD. In total we hope to
be able to answer the following questions: 1) Can earthquakes give rise to time-independent modula-
tions?; (2) Under what circumstances will ripple-fired events not yield modulated spectra?; (3) To what
extent is success dependent on source-receiver range and azimuth? Using linear superposition theory
we will predict the time independent spectral signature that should be present in mine records. Using
our multi-taper sonogram algorithm (Hedlin et al., 1989) we will expand the 3-component recordings
into time-frequency displays and investigate the correspondence between the expected and observed
time independent signatures.
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Chemex 2 recorded at BAY.CO

0.8
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0.4
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Figure 9. A sonogram calculated from a calibration (single) chemical explosion recorded by the NRDC
network station BAY (see Appendix B) is shown on top. On the bottom we show the sonogram of a
synthetic quarry blast which comprises 5 shots spaced evenly at 50 ms.
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Black Thunder O
A WY96 seismic/acoustic stations O

WV Permanent seismic stations * Continuous GPS receivers

Infrasound arrays

Figure 11. The 1996 Black Thunder regional deployment. The WY96 seismic sta-
tions consist of 3-Component STS2 broadband seismometers. The seismometers will
be making continuous recordings digitized at 100 sps. The acoustic sensors are DNA
pressure gauges. The W96 infrasound array will be deployed 200 km to the west of
Black Thunder (at MNTA). This array will consist of 3 sensors arranged in a triangle.

Software contribution: An initial version of our ATFD has been given to David Jepsen at the IDC and is
currently being incorporated into their Detection Feature Extraction (DFX) software package.

B. CONCLUSIONS AND PLANS FOR THE COMING YEAR

The key question which we are attempting to address with our research is: Can a robust discriminant be
developed which will discriminate large numbers of industrial, multiple, explosions from nuclear ex-
plosions and earthquakes? It seems that the generic ATFD is robust with misclassification probabilities

14




NORESS B - a test of a vertical- and 3-Component array

Figure 12. The NORESS B dataset. This datase, provided to us by Jay Pulli, contains
recordings of quarry blasts and earthquakes made by NORESS. Some events are located as
much as 25° from the array.

ranging from 0.5 to 3.5%. The ATFD is easily adapted to a wide range of deployments (from single
stations to arrays and networks) and thus easily automated. Discrimination using time-frequency ex-
pansions does not rely on expert interpretation but is routine, robust and easily automated.

In the coming year we will broaden the scope of our test of the ATFD by analyzing data at greater
ranges and in regions not closely studied before:

» Examine data collected by the Saudi Network (Vernon et al., 1996)

* Examine CNET data

* Examine J. Pulli’s NORESS Ground Truth Database to test ATFD at greater range (Figure 12).

Small-event discrimination at low frequencies. There have been a number of observations of a spectral
null at low (< 10 Hz) frequencies (e.g. Gitterman and Van Eck,1993) observing mines at local ranges in
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Israel). A null is predicted by linear wavefield superposition and is due to source finiteness. If this is
detectable in the events in the aforementioned datasets we will attempt to determine if this spectral
quality can be used for discrimination at far-regional distances (O 400 km). We are currently analyzing
NRDC recordings of single and multiple explosions and have made arrangements to analyze record-
ings made in Wyoming in 1995 by LANL, LLNL and AFTAC.

We will examine more recordings of single explosions (e.g. those recorded in Wyoming in 1995 by
Stump et al., 1995 and Pearson et al., 1995).

We will further examine wavelet based time-frequency expansions and analyze the variations of ampli-
tude and polarization with time and frequency to better understand the genesis of seismic coda. We
will bring a wavelet based ATFD on line if it proves to be superior to the existing algorithm.

We will continue our analysis of tightly constrained mining events and dual (seismic and acoustic)
monitoring technology by analyzing the data collected in Wyoming this summer. With these data we
will address the question of the physics of ripple-fired wavefield superposition, the range to which
ripple-fired events can be detected and improve our understanding of outliers. This experiment will
enable us to test the utility of continuous GPS for event detection.
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Appendix A The Automated Time-Frequency Discriminant:

We have noted (in the main body of this report and previously in Hedlin et al., 1989) that the frequency
content of seismic onsets and coda resulting from ripple-fired explosions is often highly independent
of the recording component and time. It is well known that the energy is often scalloped in frequency
(e.g. Bell & Alexander, 1977; Baumgardt & Ziegler, 1988). These qualities are due to source finiteness,
the intershot delays or a combination of the two (Hedlin et al., 1989; 1990). They can sometimes be
acquired during propagation through a resonant crust (Hedlin et al., 1989).

To determine the degree to which these qualities are present in a seismic coda we first expand the
recording into a time-frequency display (sonogram) by sliding a window (usually 2.5 seconds long)
along the time series (with the window sliding 20% of its length each time). A spectral estimate is
calculated at each window position using 7 multitapers (Thomson, 1982; Park et al., 1987) with a time-
bandwidth product of 4. Two multitaper sonograms of recordings made during the 1987 NRDC ex-
periment (Figure A1) are displayed in Figures A2 and A3. These were obtained from recordings of a
single (chemical) explosion and a quarry blast. As described in Hedlin et al. (1989) each multitaper
spectral estimate is converted into binary form through convolution with two boxcars (usually span-
ning 4.4 and 2.0 Hz), differencing the two smoothed spectra and replacing all locally high (and low)
spectral values with +1 (and -1). Using the original, spectral, sonogram we estimate the average pre-
onset noise level, N(f), and randomize all values in the binary sonogram, B(f,t), which have a smaller
spectral amplitude than this average. This randomization is recorded by a mask, R(f,z), which equals 1
or 0 (indicating a randomized point or one that is untouched). Noise suppression is directed at long-
lived spectral lines which would, if left untouched, give a sonogram an improperly high level of time-
independence. Four binary sonograms are displayed in Figure A4. The upper left pattern was obtained
from a recording of a single chemical explosion (Figure A2). The other three patterns were obtained
from a 3-Component recording of a quarry blast (Figure A3). This figure shows the high correlation (in
time and across recording directions) of the scallops present in the binary sonograms extracted from
the quarry blast.

Although the sonograms contain a wealth of information about the evolution of spectral energy in
seismic coda they must be collapsed into a few parameters which are diagnostic of ripple-firing and can
be used for automatic source discrimination.:

Independence from recording direction. This quality is estimated simply by calculating the zero lag
cross-correlation between the three pairs of binary sonograms (vertical with east-west; vertical with
north-south, north-south with east-west). Given two binary sonograms E and Z (obtained from the
east-west and vertical recordings of the same event) the zero lag cross-correlation is given by:

Yoot Y B(i, 5) (i, 5) Re (G, ) Rz (i, 5)
S S Rp (i, )Rz (i, )

XEgz =

where R, and R, are the E-W and Z randomization masks. This sum incorporates only those points
which have not been randomized. The perfect correspondence of non-randomized points would yield
a cross correlation of 1.0. We generally do not rotate the data into physical coordinates since this was
found to yield no improvement. When multiple 3-Component recordings are available (either in a
network or an array) the individual estimates (e.g. of the cross correlation between Z and EW) are
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NRDC - A sparse 3C network

% Mines
* Calibration explosions

Figure Al. The NRDC network was deployed in 1987 in central Kazakhstan (see Figure 1) and col-
lected triggered 250 sps recordings at the surface and in boreholes of three calibration explosions,
numerous local and regional quarry blasts and a large number of far-regional/teleseismic earthquakes.
This study is concerned with events recorded within 5° of the stations.

averaged together. Thus, regardless of the nature of the seismic 3-Component deployment, component
independence yields three parameters for discrimination.

Time Independence and Periodicity in Frequency. These qualities are estimated together by using the
coda cepstrum. The cepstrum is calculated by taking the Fourier transform of the log (base 10) of a
single, detrended, spectral estimate (Baumgardt & Ziegler, 1988). The coda cepstrum (as defined by
Hedlin et al., 1995) is calculated by taking the two-dimensional Fourier transform of the binary sonogram
(which is detrended by the conversion into binary form). The two-dimensional coda cepstrum is sen-
sitive to spectral periodicities which are constant, or cyclic, with time in the onset phases and coda. To
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Figure A2. Seismogram resulting from a single chemical explo-
sion (CH2; Figure A1) detonated in Kazakhstan and correspond-
ing sonogram. The recording was made at a range of 157 km by
the vertical component seismometer at Bayanaul.
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sonogram. The recording was made at a range of 264 km by the
vertical component seismometer at Bayanaul.
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Figure A4. Binary versions of the sonograms presented in Figure B2 (upper left) and B3 (upper right). Binary
sonograms calculated from the north lower (left) and east (lower right) component recordings of event ¢ (Fig-

ures B1 and B3).

estimate the degree to which time-independent scallops are present we take the maximum of the coda
cepstrum at a time-frequency of zero. This value is normalized relative to the maximum of the coda
cepstrum calculated from a synthetic binary sonogram (which has the same periodicity in frequency
and is independent of time with the exception that the randomization mask applied to the real sonogram
is also applied to the synthetic). The quefrency of the maximum can be used to estimate a dominant
ripple-fire delay or source duration. When the event has been recorded by numerous sensors, the
cepstral values are averaged together. Thus, when applied to a single component deployment, the coda
cepstrum will yield a single parameter. A 3-Component deployment, averaged in the same fashion,

will yield three.
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Figure AS. The autocorrelations calculated for three quarry
blasts and two calibration explosions recorded during the 1987
NRDC experiment. Also plotted are the autocorrelations for
synthetic sonograms that are perfectly random and one that
is independent of time.

For an additional measure of time-independence we apply an autocorrelation operator to the binary

matrix, B(f,t), where the autocorrelation at a lag of k windows, A(k), is given by:

anreq Zntzme k B(’L ]) (Z i+ ]g)R('L,])R(Z,] + k)
Yordree ek R(i, 5)R(i, 5 + k)

A(k) =

Considering events recorded by the NRDC network we have found that the autocorrelation does not
depend on the lag (provided that the lags are large enough to ensure no window overlap). In practice,
when using 2.5 second windows with 20% overlap, we use minimum lag of 6 windows and a maxi-
mum equal to the duration of the sonogram). All pairs which include a point that has been randomized,
due to noise, are excluded. For a robust estimate of A we average over all appropriate lags. As above,
autocorrelation yields a single averaged parameter (or three if the deployment has 3-Component sta-
tions).

With the measures described above the ATFD yields nine parameters when applied to a 3-Component
deployment or just two (from the coda-cepstrum and autocorrelation) when single component data are
available. These parameters are typically merged using multivariate statistics. The ATFD is trained in
anew region by processing a number of known quarry blasts and earthquakes and/or calibration explo-
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sions. In effect, the ATFD is taught to recognize the binary patterns produced by the two types of
events (ripple-fired/non-ripple-fired).

Appendix B — A Global Test of the ATFD

We briefly described the results of the KNET experiment in the main body of this report. The five other
studies listed in section two are briefly summarized in this appendix. These datasets were selected so
that we could determine if the ATFD is easily adapted to different styles of deployment (single 3-
Component station; tight array; sparse or dense 3-C network) and successfully discriminate ripple-
fired events from single explosions and earthquakes in spite of varying mining practice and geologic
settings. In all cases standard tests were applied to ensure the validity of the statistical analysis.
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Figure B1. The three discrimination parameters (described in Appendix A) calculated
using the NRDC recordings. The quarry blasts are events 1 through 15, the calibration
explosions are events 16 to 18. The events, with the exception of #s 1 and 10, separate
quite well. The quarry blasts are presumed to be ripple-fired.

NRDC: The 1987 NRDC experiment was unique for several reasons. Recordings of local mining
activity and teleseismic natural seismicity were made in Kazakhstan, USSR, by a sparse 3-Component
network situated near the Semipalatinsk nuclear test site (Figure Al). Three calibration explosions
(ranging in size from 10 tons to 20 tons) were detonated during the test at regional distances from the
NRDC stations. A disadvantage, from the perspective of demonstrating robustness of a discriminant,
is that just 3 single-shots were recorded. We can demonstrate visually a tendancy for the ATFD to be
able to separate single and multiple explosions but can't support this with a statistical analysis. As a
result we display, in Figure B1, the raw output from the ATFD but no multivariate statistics. What we
see in this figure is a clear separation of most of the quarry blasts from the calibration events. Two
events (1 and 10), which we have presumed are ripple-fired quarry blasts, are judged to be similar to
the calibration events.
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NORESS A - a test of a vertical- and 3-Comonent array

Mines
Figure B2 Dataset number 4. Collected by the NORESS small aperture array. This dataset

contains recordings of 26 quarry blasts (from 3 mines including Blasjo and Titania) and 16
earthquakes. The events range from 2.7 to 7.5° from the array and have magnitudes of 1.6 to
3.0. A preliminary analysis of these events is presented in Hedlin et al. (1990).

NORESS A: The regional NORESS dataset (first analyzed by Hedlin et al., 1990) consists of 42 events,
26 quarry blasts and 16 earthquakes (Figure B2). As displayed in Figure B3 all statistical measures
applied by the ATFD show an obvious separation of the two event types - no events were misclassified

(the misclassification probability is 3.7%). This is a promising result given that one of the quarries is
located 7.5° from NORESS.
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Figure B3. The four panels in this figure show the output of the ATFD applied to NORESS recordings
of the events displayed in Figure B6. Events 1 through 26 are quarry blasts, 27 through 42 are earth-

quakes.
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VOGTLAND - a test of a vertical- & 3-Component array
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Figure B4. The Vogtland dataset was recorded by GERESS and obtained through
the European Ground Truth Database. The data was contributed to this database by
Jan Wuster.

Vogtland: The events in this dataset were recorded by GERESS (Figure B4). They were obtained
from Jan Wuster via the European Ground Truth Database (Grant & Carabajal, 1995). Included are 11
quarry blasts and 10 earthquakes. All events are located between 1.5 and 2.5° to the northwest of the

array. These populations are easily separated by the ATFD (misclassification probability of 0.55%;
Figure BS).
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Figure BS. The Vogtland discrimination results.

29




Newmont Gold Mine

Figure B6. The Carlin dataset includes recordings of mine blasts made at the Newmont Gold Mine in
Nevada and widely distributed earthquakes. The recordings were made by a single 3-Component
station (ELK). The data were provided to us by Steve Jarpe and Peter Goldstein at LLNL.

Carlin: This dataset, contributed to us by Steve Jarpe and Peter Goldstein at LLNL, consists of 42
quarry blasts (all occuring at the Newmont Gold Mine in Nevada) and 36 widely dispersed earthquakes
(Figure B6). The events occurred within 2° of the single 3-Component station ELK. Again, these
events are easily separated by the ATFD. Of the 78 events, just 1 was misclassified (the misclassification
probability is 2.6%; Figure B7).
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Figure B7. Carlin discrimination results.
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